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a b s t r a c t 
Exercise has been consistently used as an oxidant stimulus in redox biology studies. However, previous 
studies have focused on group differences and did not examine individual differences. As a result, it remains 
untested whether all individuals experience oxidative stress after acute exercise. Therefore, the main aim of 
the present study was to investigate whether some individuals exhibit unexpected responses after an acute 
eccentric (i.e., muscle-damaging) exercise session. Ninety eight ( N = 98) young men performed an isokinetic 
eccentric exercise bout with the knee extensors. Plasma, erythrocytes and urine samples were collected 
immediately before and 2 days post-exercise. Three commonly used redox biomarkers (F 2 -isoprostanes, 
protein carbonyls and glutathione) were assayed. As expected, the two oxidant biomarkers (F 2 -isoprostanes 
and protein carbonyls) signiﬁcantly increased 2 days after exercise (46% and 61%, respectively); whereas a 
signiﬁcant decrease in glutathione levels (by −21%) was observed after exercise. A considerable number of 
the participants exhibited changes in the levels of biomarkers in the opposite, unexpected direction than the 
group average. More speciﬁcally, 13% of the participants exhibited a decrease in F 2 -isoprostanes and protein 
carbonyls and 10% of the participants exhibited an increase in glutathione levels. Furthermore, more than 
1 out of 3 individuals exhibited either unexpected or negligible (from 0% to ± 5%) responses to exercise in
at least one redox biomarker. It was also observed that the initial values of redox biomarkers are important
predictors of the responses to exercise. In conclusion, although exercise induces oxidative stress in the 
majority of individuals, it can induce reductive stress or negligible stress in a considerable number of people. 
The data presented herein emphasize that the mean response to a redox stimulus can be very misleading. 
We believe that the wide variability (including the cases of reductive stress) described is not limited to the
oxidant stimulus used and the biomarkers selected. 
c © 2014 The Authors. Published by Elsevier Inc. 
This is an open access article under the CC BY-NC-SA license 
( http: // creativecommons.org / licenses / by-nc-sa / 3.0 / ). ntroduction 
There is a consensus that a single session of exercise induces ox- 
dative stress [ 1 –3 ] and that the free radicals produced during exer- 
ise are important modulators of muscle and systemic adaptations 
o physical activity [ 4 –6 ]. This is based on the results of exercise 
tudies over the past three decades [ 7 ]. However, to the best of our 
nowledge, all exercise studies have focused on group differences 
nd did not examine individuality in responses. As far as we know, 
he same holds true for all redox studies. Indeed, there is an indi- 
ect evidence that this is possibly the case considering that even 
ell controlled studies have presented marked heterogeneity in re- 
ponses in exercise-induced oxidative stress. For example, changes in * Corresponding author. 
E-mail address: nikolaidis@auth.gr (M.G. Nikolaidis). 
213-2317/ $ - see front matter c © 2014 The Authors. Published by Elsevier Inc. This is an open
y-nc-sa / 3.0 / ). 
ttp://dx.doi.org/10.1016/j.redox.2014.02.003 F 2 -isoprostanes (the reference biomarker of oxidative damage) var- 
ied greatly (from –27% to + 181%) in response to acute exercise [ 8 , 9 ]. 
Likewise, signiﬁcant variation exists in individual responsiveness of 
glutathione (the major antioxidant of erythrocytes) to acute exercise 
(from −63% to + 40% [ 10 , 11 ]). It needs to be recognized that ﬁndings 
based on the level of a group may not fully apply to each member 
of that group [ 12 ]. As a result, it is untested whether all individuals 
experience oxidative stress after acute exercise. 
Therefore, the main aim of the present study was to investigate 
whether some of the individuals will exhibit unexpected responses in 
the levels of three commonly used redox biomarkers (F 2 -isoprostanes, 
protein carbonyls and glutathione) after an acute exercise session. The 
secondary aims of the study were (i) to quantify the inter-individual 
variability of the redox biomarkers in response to exercise, (ii) to 
investigate the potential dependence of the post-exercise changes 
on the initial values (iii) and to examine the relationships among 
the redox biomarkers both at rest and after the redox challenge. To  access article under the CC BY-NC-SA license ( http: // creativecommons.org / licenses / 
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Table 1 
Physiological characteristics and analysis of daily energy intake of the study partici- 
pants (mean ± SD). 
N = 98 
Age (years) 23.5 ± 4.0 
Height (cm) 175.5 ± 6.5 
Body mass (kg) 76.3 ± 6.8 
Body fat (%) 15.8 ± 4.6 
Energy (kcal / day) 2407 ± 90 
Carbohydrate (% energy) 55.0 ± 10 
Fat (% energy) 27.6 ± 7.6 
Protein (% energy) 17.4 ± 8.3 
Vitamin C (mg) 121 ± 15 
Vitamin E (mg, α-TE a ) 8.2 ± 1.1 
Selenium ( μg) 72.1 ± 24 
a 
α-TE: alpha-tocopherol equivalents. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 accomplish these aims, we used the eccentric exercise model as a
physiological oxidant stimulus because it induces alterations in re-
dox homeostasis that are characterized by long (lasting for up to
four days after exercise) and large (even up to 40% compared to rest)
increases in oxidant biomarkers [ 13 –16 ]. Therefore, eccentric exer-
cise may facilitate to unravel the potential individual differences on
redox homeostasis responses. To our knowledge, this is the ﬁrst study
to have investigated the effect of exercise (or any other stimulus) on
inter-individual variability of redox responses. 
Materials and methods 
Participants 
Ninety eight ( N = 98) young men (19–30 years old) participated
in the present investigation ( Table 1 ). All participants had stable body
weight for at least a year. An individual was deﬁned as having a stable
body weight if his body weight did not change by more than ± 3 kg.
Subjects were excluded from the study, if they had any history of
musculoskeletal injury to the lower limbs that would limit the abil-
ity to perform the exercise session. The participants were asked to
recall whether they had participated in regular resistance or aerobic
training or in unaccustomed and / or heavy exercise (e.g., soccer game,
competitive running, high-impact aerobics) in the 3 months before
the study entry. Individuals who reported participation in such ac-
tivities were precluded from the study. Smoking and consumption of
nutritional supplementation the last three months before the study
initiation were also exclusion criteria to participate in the present in-
vestigation. Volunteers were instructed to abstain from any strenuous
exercise (except for the exercise session performed during the exper-
imental procedure) during their participation in the study as well
as for ﬁve days prior and 2 days following the exercise session (i.e.,
second sample collection). Subjects were also advised to refrain from
taking anti-inﬂammatory or analgesic medications for the duration of
the study. A written consent was obtained from all participants, after
they were informed for the risks, discomforts and beneﬁts involved
in the study. The procedures were in accordance with the Helsinki
declaration of 1975, as revised in 2000. 
Study design 
All participants performed an acute isokinetic eccentric exercise
bout with the knee extensors of their preferred leg. Plasma, ery-
throcytes and urine were collected immediately before and 48 h
post-exercise. The evaluation of muscle damage (isometric torque
and creatine kinase), oxidant biomarkers (F 2 -isoprostanes and pro-
tein carbonyls) and the non-enzymatic antioxidant (glutathione) was
performed at the time of body ﬂuid collection. Each volunteer was
provided with a written set of instructions for monitoring dietaryconsumption and a record sheet for recording food intake. 
Eccentric exercise protocol 
The eccentric exercise session was performed on an isokinetic dy-
namometer (Cybex Norm, Ronkonkoma, NY). The exercise protocols
were undertaken from the seated position (120 ◦ hip angle), after the
participants were stabilized according to the manufacturer ’ s instruc-
tions. Participants completed 5 sets of 8 eccentric maximal voluntary
contractions [knee range, 0 ◦ (full extension) to 90 ◦ ﬂexion] at an an-
gular velocity of 60 ◦/ s. A 2-min rest interval was used between sets. 
Muscle damage 
The isokinetic dynamometer was used for the measurement of
isometric knee extensor peak torque at 90 ◦ knee ﬂexion. The aver-
age of the 3 maximal voluntary contractions with the preferred leg
was recorded. To ensure that the subjects provided their maximal
effort, the measurements were repeated if the difference between
the lower and the higher torque values exceeded 10%. There was a
2-min rest between isometric efforts. Creatine kinase was assayed
in plasma spectrophotometrically using a kit from Spinreact (Sant
Esteve, Spain). 
Collection and handling of body ﬂuids 
A blood sample was drawn from a forearm vein and collected
in EDTA tubes. The blood was centrifuged immediately at 1370 g for
10 min at 4 ◦C and the plasma was collected. The packed erythrocytes
were lysed with 1:1 (v / v) distilled water, inverted vigorously and
centrifuged at 4000 g for 15 min at 4 ◦C. For urine sampling, spot sam-
ples were collected in a container. For standardizing urine dilution,
creatinine levels were measured using a kit (Fisher Diagnostics, Mid-
dletown, USA). Body ﬂuid samples were stored at −80 ◦C and thawed
only once before analysis. 
Redox biomarkers 
A competitive immunoassay was used for the determination of
F 2 -isoprostanes in urine (Cayman Chemical, Charlotte, USA). Urine
was puriﬁed using the solid phase extraction cartridges. The puriﬁ-
cation and the subsequent ELISA assay were performed following
the manufacturer ’ s recommendations. Plasma protein carbonyls and
erythrocyte glutathione were determined spectrophotometrically as
described previously [ 17 ]. Oxidation of GSH was prevented using
N-ethylmaleimide, which is widely considered the most appropri-
ate blocking agent for preventing glutathione oxidation [ 18 ]. Positive
controls have been used in both the ELISA and the spectrophotometric
assays. 
Statistical analysis 
The distribution of all dependent variables was examined. The
results showed that dependent variables were normally distributed
(Kolmogorov–Smirnov test) and equal variance (Levene test) was not
violated. t -Tests for paired samples were performed to compare the
values of all depended variables between the two sample collec-
tions (pre–post). The coefﬁcient of variation (CV) was calculated for
post-exercise percent changes (i.e., based on absolute values) of all
variables in order to quantify inter-individual variability. Non-linear
correlation analysis was performed between the percent changes of
all redox biomarkers and their initial values. Data are presented as
mean ± standard deviation (SD) and the level of signiﬁcance was set
at α = .05. 
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hysical characteristics and dietary intake 
The physiological characteristics and dietary intake of the partici- 
ants are presented in Table 1 . The reported fat intake is lower than 
hose frequently reported in the literature [ 19 –21 ]. We believe that 
here is an inconsistency between the reported and the consumed fat 
y the participants in our study. Indeed, a number of investigations 
ave indicated that subjects are reporting lower fat intake compared 
o the actual consumed. For example, it has been shown that partici- 
ants are reporting higher relative protein intake and lower relative 
at intake indicating a tendency for subjects to underreport intake of 
oods that could be characterized as unhealthy [ 22 , 23 ]. 
Considering the strong effects of nutritional antioxidants on redox 
esponses described in the literature [ 24 , 25 ], we performed a corre- 
ation analysis between antioxidant intake (i.e., vitamin C, vitamin E 
nd selenium) through normal diet and redox biomarkers (both at 
est and after exercise). Except for some spurious and low signiﬁcant 
orrelation coefﬁcients antioxidant intake by food alone cannot pre- 
ict the redox responses to eccentric exercise ( Table 2 ). It is clear that 
he content of vitamin C, vitamin E and selenium would be more reli- 
bly estimated by determining their levels in blood plasma. However, 
n the present investigation, only protein carbonyls were measured 
n blood plasma. Therefore, it is rather improbable that plasma levels 
f vitamin C, vitamin E, selenium (or other nutritionally-derived an- 
ioxidant) could have seriously affected the large eccentric-exercise 
nduced alterations in protein carbonyls. 
uscle damage 
The isometric torque of the participants 2 days after exercise was 
igniﬁcantly lower compared to the baseline value ( P < 0.001), with 
n average reduction equal to 21% and with a CV of 49% among the par-
icipants. As expected, creatine kinase signiﬁcantly increased 2 days 
ollowing eccentric exercise with an average increase equal to 1251% 
nd an inter-individual CV of 146% ( Table 3 ). 
edox homeostasis 
The two oxidant biomarkers (F 2 -isoprostanes and protein car- 
onyls) increased signiﬁcantly 48 hours after exercise ( P < 0.001) 
ith an average change equal to 46% and 61% and with an inter- 
ndividual CV of 71% and 80%, respectively. The non-enzymatic an- 
ioxidant glutathione signiﬁcantly decreased after exercise. Average 
hange of glutathione was −21% and the inter-individual CV was 79% 
 Table 3 ). Some individuals exhibited changes in the levels of biomark- 
rs in the opposite to the expected direction ( Table 4 ). More speciﬁ- 
ally, 13% of the participants exhibited a decrease in F 2 -isoprostanes 
nd protein carbonyls and 10% of the participants exhibited an in- 
rease in glutathione levels ( Fig. 1 ). In addition, some participants ex- 
ibited negligible expected changes after exercise (from 0% to + 5% 
n F 2 -isoprostanes and protein carbonyls and from 0% to −5% in glu- 
athione compared to the resting value): 7% in F 2 -isoprostanes, 5% 
n protein carbonyls and 9% in glutathione. Of the 98 participants, 
nexpected or negligible responses were observed in 20% for F 2 - 
soprostanes, 18% for protein carbonyls and 19% for glutathione. Col- 
ectively, more than 1 out of 3 individuals exhibited either unexpected 
r negligible responses to exercise in at least one redox biomarker. 
orrelation between percent changes and initial values 
Non-linear correlation analysis ( Fig. 2 ) between post-exercise per- 
ent change of each redox biomarker and its initial value revealed 
igh correlations for protein carbonyls ( r = −.63) and F 2 -isoprostanes 
 r = −.56) and moderate correlation for glutathione ( r = −.37). Decision tree analysis 
In order to shed more light on the potential effect of the antiox- 
idant glutathione on the post-exercise induced responses, we con- 
structed a decision tree to model the possible exercise-induced out- 
comes in F 2 -isoprostanes and protein carbonyls based on glutathione 
values ( Fig. 3 ). All participants ( N = 98) were separated based on 
their initial glutathione levels and their post-exercise changes (%) in 
the levels of the two oxidant biomarkers (F 2 -isoprostanes and pro- 
tein carbonyls). The mean erythrocyte glutathione concentration of 
all participants was 3.06 μmol / g Hb. Dividing them based on the 
post-exercise changes in plasma protein carbonyls, we observed that 
some participants ( N = 35) with much lower initial glutathione levels 
(2.71 μmol / g Hb) exhibited higher increases in protein carbonyls (i.e., 
a minimum of 87% increase; highlighted with a blue border) compared 
to the rest of the participants ( N = 63), whose initial glutathione levels 
were 3.25 μmol / g Hb. However, looking at the post-exercise changes 
in the urinary F 2 -isoprostanes of the 63 aforementioned participants, 
we observed that individuals with low initial glutathione levels ex- 
hibited either extremely large increases (higher than 83%) or large 
decreases (higher than 24%, indicative of reductive stress) in the lev- 
els of F 2 -isoprostanes after exercise. In particular, the subgroup with 
the large increases in the levels of F 2 -isoprostanes ( N = 7) had initial 
levels of glutathione equal to 2.76 μmol / g Hb, while the subgroup 
with the large decreases and the potential reductive stress ( N = 8) had 
initial levels of glutathione equal to 2.24 μmol / g Hb (highlighted with 
red borders). Based on these ﬁndings, it seems that the appearance 
of reductive stress (judging from changes in F 2 -isoprostanes and pro- 
tein carbonyls) is independent of the initial values of one of the most 
important antioxidants in vivo (glutathione). However, it remains 
surprising and noteworthy the fact that individuals with low initial 
glutathione levels exhibited changes toward opposite directions in 
the levels of F 2 -isoprostanes. The exact nature of the mechanisms 
responsible for this observation is unclear. 
Correlation between biomarkers 
Correlation analysis among the resting values of redox biomark- 
ers revealed a large positive correlation between F 2 -isoprostanes and 
protein carbonyls ( r = .66, P < .001) and moderate negative cor- 
relations between glutathione with both F 2 -isoprostanes ( r = –.30, 
P = .002) and protein carbonyls ( r = –.49, P < .001) ( Table 5 ). Like-
wise, concerning the correlations for post-exercise changes, a large 
positive correlation was found between F 2 -isoprostanes and protein 
carbonyls ( r = .61, P < .001) and small negative correlations between 
glutathione with F 2 -isoprostanes ( r = –.203, P = .045) and protein 
carbonyls ( r = –.281, P = .005) ( Table 6 ). Muscle torque was mod- 
erately correlated with protein carbonyls and only small correlation 
coefﬁcients were revealed with F 2 -isoprostanes and glutathione. Cre- 
atine kinase did not correlate signiﬁcantly with any of the three redox 
biomarkers ( Table 6 ). 
Discussion 
The current knowledge on redox biology is based on the aver- 
age effects observed in groups of individuals. To our knowledge, this 
is the ﬁrst attempt to investigate the individual variation of redox 
biomarkers. More speciﬁcally, we examined whether some individ- 
uals respond unexpectedly to acute exercise (an accepted oxidant 
stimulus) on the level of three commonly used redox biomarkers (F 2 - 
isoprostanes, protein carbonyls and glutathione). Eccentric exercise 
was used as an oxidant stimulus to produce extensive and long-lasting 
changes in redox biomarkers and unravel the potential individual dif- 
ferences on redox homeostasis responses. The measurements were 
performed before and 48 h post-exercise in three different biological 
matrices (i.e., plasma, erythrocytes and urine) in order to provide a 
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Table 2 
Correlation coefﬁcients between resting values of biomarkers and antioxidant intake. 
F 2 -isoprostanes Protein carbonyls Glutathione 
Vitamin C 
Pre-exercise r = –.143, P = .161 r = .075, P = .461 r = .077, P = .451 
Post-exercise r = .119, P = .241 r = .080, P = .434 r = .010, P = .926 
% Change r = .263, P = .009 r = .035, P = .732 r = –.075, P = .462 
Vitamin E 
Pre-exercise r = –.212, P = .036 r = .031, P = .764 r = –.037, P = .721 
Post-exercise r = –.085, P = .405 r = –.006, P = .954 r = .040, P = .698 
% Change r = .181, P = .074 r = .012, P = .909 r = –.004, P = .966 
Selenium 
Pre-exercise r = –.131, P = .198 r = –.201, P = .047 r = –.103, P = .312 
Post-exercise r = –.080, P = .432 r = –.120, P = .237 r = .104, P = .310 
% Change r = .056, P = .582 r = .106, P = .299 r = .173, P = .088 
Table 3 
Initial and 48 h post-exercise values of biomarkers (mean ± SD). 
Pre-exercise 48 h Post-exercise % Change 
CV # 
F 2 -isoprostanes (pg / mg creatinine) 690 ± 220 950 ± 320 * 46 ± 48 71 
(220–1050) (320–1590) ( −62–196) 
Protein carbonyls (nmol / mg pr.) .50 ± .22 .72 ± .25 * 61 ± 62 80 
(.19–1.01) (.21–1.20) ( −61–253) 
Glutathione ( μmol / g Hb) 3.06 ± 1.05 2.31 ± .98 * −21 ± 30 79 
(.90–5.30) (.70–4.50) ( −76–110) 
Muscle torque (Nm) 195 ± 39 153 ± 37 * −21 ± 16 49 
(127–318) (78–255) ( −56–25) 
Creatine kinase (U / L) 120 ± 30 1518 ± 1901 * 1251 ± 1826 146 
(72–221) (129–10,829) (39–11,299) 
The numbers in brackets show the minimum and maximum values. 
∗Signiﬁcantly different with respect to the initial value ( P < .001). 
# The coefﬁcient of variation (CV) was calculated based on absolute values. 
Table 4 
Participants with 1, 2 or 3 unexpected responses. 
Participants ( N = 98) 1 Unexpected response ( N = 8) 2 Unexpected responses ( N = 11) 3 Unexpected responses ( N = 2) 
GSH: 
F 2 -IsoPs: 
PC: 
4 
3 
1 
F 2 -IsoPs-PC: 
PC-GSH: 
F 2 -IsoPs-GSH: 
7 
3 
1 
F 2 -IsoPs-PC-GSH: 2 
F 2 -IsoPs: F 2 -isoprostanes; GSH: glutathione; and PC: protein carbonyls. 
Fig. 1. Percent change in redox biomarker levels for each individual. Individuals exhibited unexpected responses are highlighted with red color. This kind of data presentation 
may offer a more fair representation of redox biological reality. 
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Fig. 2. Non-linear correlation analysis between post-exercise percent change of each redox biomarker and its initial values. 
Fig. 3. Decision tree analysis based on initial glutathione (GSH) levels and post-exercise changes (%) in the levels of F 2 -isoprostanes and protein carbonyls. 
Table 5 
Correlation coefﬁcients between the resting values of biomarkers. 
F 2 -isoprostanes Protein carbonyls Glutathione Muscle torque 
F 2 -isoprostanes –
Protein carbonyls r = .663, P < .001 –
Glutathione r = −.306, P = .002 r = −.490, P < .001 –
Muscle torque r = −.101, P = .321 r = −.055, P = .591 r = .001, P = .990 –
Creatine kinase r = −.038, P = .708 r = .116, P = .254 r = −.149, P = .143 r = −.021, P = .834 
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Table 6 
Correlation coefﬁcients between the percent post-exercise changes of biomarkers. 
F 2 -isoprostanes Protein carbonyls Glutathione Muscle torque 
F 2 -isoprostanes −
Protein carbonyls r = .610, P < .001 −
Glutathione r = −.203, P = .045 r = −.281, P = .005 −
Muscle torque r = −.238, P = .018 r = −.456, P < .001 r = .332, P = .001 −
Creatine kinase r = −.036, P = .727 r = .013, P = .899 r = −.094, P = .359 r = −.240, P = .017 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 more integrative picture of redox alterations. The main ﬁnding of this
study is the wide heterogeneity of the changes in redox biomarkers
in response to exercise highlighted by the fact that exercise induced
reductive stress or no stress in a considerable number of participants
instead of the expected oxidative stress. Taking into account that free
radicals are currently considered important signaling molecules for
exercise adaptations [ 6 ] individuals who responded with reductive
stress after exercise may not be beneﬁted from exercise by the same
extent with the individuals who responded with oxidative stress. 
Exercise induced reductive stress in some individuals and no stress in 
other individuals 
Although the role of exercise as an oxidant stimulus is uncontested
[ 2 , 3 , 26 ], this stimulus seems not to be perceived similarly by all indi-
viduals. More speciﬁcally, some of the participants exhibited changes
in the level of the redox biomarkers in an unexpected and opposite
to the intuitive average direction. In fact, 13% of the participants ex-
hibited a decrease in F 2 -isoprostanes and protein carbonyls and 10%
of the participants exhibited an increase in glutathione levels after
exercise. Furthermore, 21% of the participants showed unexpected
responses in one to three redox biomarkers. These results indicate
that contrary to the common belief, an exercise session did not induce
oxidative stress (in at least one biomarker) in 1 out of 5 participants.
Instead, reductive stress was observed in this cohort. Furthermore,
more than 1 out of 3 individuals exhibited either unexpected or neg-
ligible (from 0% to ± 5%) responses to exercise in at least one redox
biomarker. Experimental treatments that affect the dependent vari-
ables in both directions can reduce the ability to detect statistical sig-
niﬁcance. Variability can dramatically reduce statistical power (i.e.,
the probability that a test will detect an effect that actually exists).
Based on our results, we believe that part of the ongoing controver-
sies presented in redox biology (e.g., antioxidant supplementation on
mortality) are due to the large variability of redox biomarkers and
that effects on redox biomarkers occur in both directions. 
Several studies that chose to show individual values, instead of
using mean value bars or tables, have indirectly indicated that some
individuals experience reductive stress after exercise, despite the fact
that the average group responses indicated oxidative stress. For ex-
ample, in the work of Vollaard et al. [ 27 ] some participants exhibited
decreased levels of oxidized hemoglobin and increased reduced to
oxidized glutathione ratio (indicative of reductive stress) after exer-
cise. In Dufaux et al. [ 28 ] the ratio of reduced to oxidized glutathione
increased after exercise in some participants. In Rodriquez et al. [ 29 ] a
small number of healthy (control) and unhealthy (chronic obstructive
pulmonary disease) individuals exhibited decreased levels of pro-
tein carbonylation after exercise both in blood and muscle. Finally
in Dantas de Lucas et al. [ 30 ] a number of individuals exhibited de-
creased plasma protein oxidation and erythrocyte lipid peroxidation
levels after ultra-endurance exercise. Consequently, presenting indi-
vidual differences along with group means is worthwhile for revealing
“unanticipated” effects. The initial values of redox biomarkers are important predictors of the 
responses to exercise 
One fundamental question to consider is the nature of the mech-
anisms responsible for the heterogeneity in redox responses to exer-
cise. This question was addressed in the present study by perform-
ing non-linear correlation analysis between the initial values of each
biomarker and the percent changes after exercise. The results of these
analyses showed a moderate to high correlation between the initial
values of glutathione ( r = –.37), F 2 -isoprostanes ( r = –.56) and pro-
tein carbonyls ( r = –.63) with their respective percent change after
the strong oxidant stimulus (i.e., eccentric exercise). That is, indi-
viduals with higher initial values in the oxidant biomarkers (i.e., F 2 -
isoprostanes and protein carbonyls) tended to exhibit smaller percent
increases after exercise and vice versa. On the other hand, individu-
als with higher initial values in glutathione tended to exhibit higher
percent decreases after exercise and vice versa. To the best of our
knowledge, only one other study has addressed the issue of the ini-
tial values on redox responses [ 31 ]. This carefully executed study
indicated that the concentration of oxidant biomarkers are likely to
decrease after the supplementation of vitamin C and E only if they are
already high. Based on our results, the ﬁnding of Block et al. can be
extended to include the oxidant stimuli as well. 
Other factors may also affect the wide inter-individual variabil-
ity of redox responses presented in this study. Several physiolog-
ical, habitual and technical factors have been proposed as potential
sources of the inter-individual variability [ 32 –35 ]. However, the com-
plex nature of biological systems and networks seems to be the major
contributor to this variability [ 36 ]. Redox integration is a property
of oxidant / antioxidant systems that refers to the extent to which
their components are correlated through functional, structural, de-
velopmental or evolutionary interdependency [ 37 ]. Exercise-induced
oxidative stress can reduce the integration among redox components
of the blood [ 38 ]. Different levels of reduced biochemical integration
after exercise among individuals can partly explain the high variabil-
ity in the responses among the participants observed in the present
study. Rankinen and Bouchard [ 39 ], beyond other factors, support the
genetic hypothesis (i.e., alleles at key genes) of the heterogeneous re-
sponses. It is also important to consider that redox biomarkers are
chemical substances, whose biological effects, multiple functional
roles, actions and production pathways are largely still unknown [ 40 –
43 ]. Moreover, their levels greatly vary in the general population even
at rest [ 44 –48 ] and most of them exhibit a complex synergistic inter-
dependency [ 38 , 49 ]. It becomes therefore reasonable to propose that
a considerable part of the observed redox individuality results from
the inherent biological complexity. 
Relationships among redox biomarkers 
At resting state and after exercise, a high correlation was found
between F 2 -isoprostanes and protein carbonyls ( r = .66 and r = .61,
respectively) and only moderate or small correlations between the
two aforementioned biomarkers and glutathione. The fact that F 2 -
isoprostanes and protein carbonyls were highly correlated is not un-
expected, since both redox biomarkers are oxidative modiﬁed prod-
ucts of free radicals. Accordingly, glutathione produced much lower
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 orrelation coefﬁcients with the oxidant biomarkers. In general, it is 
vident that the oxidant biomarkers (i.e., F 2 -isoprostanes and protein 
arbonyls) are considerably affected by the same mechanism (both 
re end-products of free radical mediated oxidation) and as a result 
rovide a similar description of the perturbation in redox homeosta- 
is. On the other hand, this is not valid for glutathione which is a 
olecule dynamically transforming from a reduced to an oxidized 
orm. Concerning muscle damage biomarkers, the only statistically 
igniﬁcant correlations appeared after exercise and only between 
uscle torque and the redox biomarkers. Muscle torque was nega- 
ively and moderately correlated with protein carbonyls, while small 
egative correlations were observed with F 2 -isoprostanes and glu- 
athione. The fact that creatine kinase did not correlate with any 
edox biomarker may be due to the extremely large variability in the 
ercent increase of creatine kinase among individuals (from 39% up 
o 11,299%). The low or no signiﬁcant correlations appeared between 
edox biomarkers and muscle damage biomarkers indicate that the 
xidative stress measured in blood after exercise derives, at least in 
art, from the blood and not just from the muscle [ 50 ]. 
hat are the origins of blood and urine oxidative stress after eccentric 
xercise? 
The delay in the appearance of oxidative stress in body ﬂuids and 
he concurrent alterations in muscle damage biomarkers after exer- 
ise indicate that much of the oxidative stress is not a direct conse- 
uence of mechanical or metabolic stress developed during exercise, 
ut instead, oxidative stress is largely attributable to muscle dam- 
ge. Major immunological responses (both at systemic and muscle 
evel) occur during the post-eccentric exercise period which can af- 
ect redox homeostasis of blood and urine. After eccentric actions, 
eutrophils and other phagocytic cells are activated and recruited 
o the site of the initial damage [ 51 ]. These immunity cells produce 
uperoxide anion (O 2 
•−) with the catalytic action of the reduced 
icotinamide adenine dinucleotide phosphate (NADPH)-oxidase sys- 
em [ 52 ]. Other cells can also activate NADPH oxidase after exercise 
and contribute to body ﬂuids oxidative stress) such as skeletal mus- 
le [ 53 ] and endothelium [ 5 ] while upregulation of NADPH oxidase 
n smooth muscle cells has been reported after mechanical stimuli 
 54 ]. O 2 
•− can be converted to hydrogen peroxide (H 2 O 2 ) by su- 
eroxide dismutase. H 2 O 2 is not a free radical, but it is considered 
 reactive species because of its toxicity and capacity to cause re- 
ctive species formation. In leukocytes, myeloperoxidase transforms 
 2 O 2 in hypochlorous acid (HOCl), one of the strongest physiological 
xidants. These reactants can also destroy adjacent healthy muscle 
issue. As many researchers have reported, this oxidative process has 
een directly shown to occur 2–4 days after eccentric actions in an- 
mals and humans [ 55 ]. Consequently, the major part of the delayed 
xidative stress detected in blood and urine after muscle-damaging 
xercise probably comes from neutrophils and macrophages that are 
ecruited to the site of the initial damage. This delayed onset of free 
adical production after eccentric exercise can activate several redox- 
ensitive transcription factors in cells and tissues. For example, nu- 
lear factor kappa B (NF- κB) has been found upregulated after eccen- 
ric exercise in skeletal muscle [ 56 ] and leukocytes [ 57 ]. NF-kB has 
lso been found upregulated after other oxidant stimuli in epithe- 
ium [ 58 ] and smooth muscle [ 59 ], tissues that are in contact or in the
icinity of blood. This upregulation of redox-sensitive transcription 
actors by free radicals can, in turn, lead to release of inﬂammatory 
ytokines [ 60 , 61 ]. In fact, either muscle-damaging or non-muscle- 
amaging exercise have been shown to induce the production of cy- 
okines in leukocytes [ 62 ], skeletal muscle [ 63 ], endothelium [ 64 ] 
nd smooth muscle [ 65 ] among others. All these tissues can release 
heir cytokines in the circulation leading to oxidative stress in blood 
nd urine. It was noted that free radicals and cytokines both stimu- 
ate the stress response and are re-activated by the same pathways, thereby giving rise to a vicious cycle, further contributing to oxida- 
tive stress [ 66 , 67 ]. That explains, it is conceivable that the reductive 
stress appeared in some individuals after exercise and may occur by 
downregulating some or all of these complex steps orchestrating the 
redox responses to eccentric exercise. It should be underlined that 
we consider eccentric exercise as just the original stimulus to initi- 
ate the cascade of redox-related biochemical events presented above. 
Certainly, any type of exercise (or any other environmental stimulus) 
cannot directly cause redox changes; these are always mediated by 
certain biochemical triggers. 
In the present study no muscle biopsies were collected therefore 
limiting our view to blood and urine. However, the issue of blood 
vs. muscle measurements is a controversial topic in the literature. 
At present, the prevailing idea in the ﬁeld is that blood is largely 
considered an inert body ﬂuid, a kind of “sink” that passively accepts 
reactive species and oxidative products produced mainly from tissues 
(in our case contracting skeletal muscles). In our opinion, however, 
this frequently adopted tissue- or muscle-centric point of view has 
not been put into a rigorous test [ 17 , 50 , 68 –72 ]. In fact, we believe
that at least some of the effects of exercise on muscle redox home- 
ostasis are partially due to changes in the redox composition of blood 
[ 73 , 74 ]. Additionally, several recent and high-proliﬁc studies high- 
light the role of blood-borne factors in reversing aging in heart and 
brain [ 75 , 76 ]. As a result, we believe that investigating the effects of 
exercise (or any other environmental factor) on blood redox home- 
ostasis has a scientiﬁc value in itself. 
Conclusions 
We believe that the evidence presented in this paper for the pres- 
ence of individual differences in redox biology responses is strong. 
What is less clear is the exact nature of the mechanisms responsible 
for the heterogeneity in redox responses. We found that initial levels 
are a major determinant but certainly many others are awaited to be 
revealed in future investigations (e.g., genetics, age, loss of biochemi- 
cal integration). The main ﬁnding of the study is that exercise induces 
reductive stress in some humans and no stress in other humans. We 
believe that the wide inter-individual variability described in this pa- 
per is not limited to the oxidant stimulus used and the three redox 
biomarkers selected. The data presented herein emphasize that the 
mean response to a redox stimulus can be misleading. Consequently, 
future research should present results for each individual separately 
along with the average responses. 
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